Interaction of spherical particles with cells and within animals has been studied extensively, but the effects of shape have received little attention. Here we use highly stable, polymer micelle assemblies known as filomicelles to compare the transport and trafficking of flexible filaments with spheres of similar chemistry. In rodents, filomicelles persisted in the circulation up to one week after intravenous injection. This is about ten times longer than their spherical counterparts and is more persistent than any known synthetic nanoparticle. Under fluid flow conditions, spheres and short filomicelles are taken up by cells more readily than longer filaments because the latter are extended by the flow. Preliminary results further demonstrate that filomicelles can effectively deliver the anticancer drug paclitaxel and shrink human-derived tumours in mice. Although these findings show that longcirculating vehicles need not be nanospheres, they also lend insight into possible shape effects of natural filamentous viruses.
Interaction of spherical particles with cells and within animals has been studied extensively, but the effects of shape have received little attention. Here we use highly stable, polymer micelle assemblies known as filomicelles to compare the transport and trafficking of flexible filaments with spheres of similar chemistry. In rodents, filomicelles persisted in the circulation up to one week after intravenous injection. This is about ten times longer than their spherical counterparts and is more persistent than any known synthetic nanoparticle. Under fluid flow conditions, spheres and short filomicelles are taken up by cells more readily than longer filaments because the latter are extended by the flow. Preliminary results further demonstrate that filomicelles can effectively deliver the anticancer drug paclitaxel and shrink human-derived tumours in mice. Although these findings show that longcirculating vehicles need not be nanospheres, they also lend insight into possible shape effects of natural filamentous viruses.
It is well known that, after intravenous injection, micrometre-sized rigid spheroids are cleared immediately in the first pass through the microvasculature of various bodily organs. Such particles also do not enter most cells. In contrast nanovehicles that are spherically shaped, such as viruses, liposomes or quantum dots, have been widely applied as gene, drug or dye carriers because they tend to circulate in vivo for a few hours or perhaps a day (in rodents) and because they can enter cells. Non-spherical nanoparticles have not received significant attention, except perhaps water-soluble carbon nanotubes, which are cleared from the body within hours after intravenous injection 1 and will also enter mammalian cells 2, 3 . In nature, a number of viruses that infect animals are likewise filamentous, providing additional motivation for the development and study of soft filamentous vehicles ( Fig. 1a ; see also Supplementary Information, Fig. S1 ) [4] [5] [6] . Here we examine the distinctive in vivo circulation behaviour of such filaments for comparison with spheres of a very similar surface chemistry.
Cylindrically shaped micelles can self-assemble in water from block copolymers that are lipid-like in amphiphilicity [7] [8] [9] . However, the copolymers used here are more symmetric than lipids in their hydrophilic/hydrophobic ratio, which leads to the cylindrical shapes. The copolymers are also considerably larger in molecular weight than lipids, which imparts physical stability and aggregate lifetimes of weeks or longer 9 . Our copolymers possess one hydrophilic chain of polyethyleneglycol (PEG), which is widely used to prolong circulation in vivo [10] [11] [12] , and one of two hydrophobic chain chemistries (Table 1) : inert polyethylethylene 12 or biodegradable polycaprolactone, which hydrolyses over hours to days in these micelles 13 . The simulation snapshot in Fig. 1a presents a cylinder micelle 14 and two typical configurations of copolymer chains, with hydrophilic blocks in blue and hydrophobic blocks in green. The micellar diameter d o is controlled primarily by choice of chain molecular weight and varies here from 22 to 60 nm.
Fluorescence labelling and imaging of micelles of several micrometres in length is now straightforward with hydrophobic fluorescent dyes. In addition, controlling the mean length of such soft and fluid assemblies is readily achieved by fragmentation in extrusion through nanoporous filters (Fig. 1a, histogram) . By exploiting these methods, we show that PEGylated filomicelles persist in the circulation considerably longer than any known spherical particles. We also show that the filomicelles enter cells under static conditions, but flow opposes entry into cells. All processes prove dependent on the length of filomicelles (requiring stable fluorescence labelling for such assessments) and may lend insight into the possible morphological advantage of natural filoviruses. Additionally, preliminary studies show that filomicelles loaded with the anticancer drug paclitaxel will shrink tumours, with longer cylinders proving more effective at a given dose. The results suggest the promise of filamentous carrier systems, and highlight the effects of shape in biological systems at the nanoscale.
RESULTS AND DISCUSSION

LONG-CIRCULATING FILOMICELLES
Injection of fluorescent filomicelles into the tail veins of rats and mice was followed by fluorescence imaging of blood samples, showing very clearly that a fraction of filomicelles can circulate in vivo for up to one week (Fig. 1b -d) . The hydrophobic fluorescent dye used in these studies is widely used for long-term cell tracking in vivo 15 . We verified with filomicelles in whole blood in vitro for one week (at 37 8C) that (1) dye intensity is constant, (2) dye does not transfer to label blood cell membranes, and (3) filomicelles exhibit a constant length distribution. When visualized in blood samples taken from injected mice, filomicelles appear as freely diffusing, distinct and flexible cylinders, and their relative number, N/N o , in each sample is therefore reliably determined by standard particlecounting image analyses. Persistent circulation is seen for filomicelles that are inert or degradable, and the entire amount injected appears to be dispersed and sustained in the circulation of mice within 1 -2 min (see Supplementary Information,  Fig. S2 ). In contrast to the long circulation times of filomicelles, PEGylated 'stealth' vesicles injected at the same dose are cleared within two days (Fig. 1c) . Quasi-linear l-phages with L 1 mm are cleared even faster 16 . Circulation of filomicelles also shows a strong dependence on length. Filomicelles of distinct average initial length L o were made with degradable OCL3 copolymer and injected in multiple animals for parallel studies. For L o up to 8 mm, which happens to approximate the diameter of blood cells, longer filomicelles persist longest in the circulation (Fig. 1d) .
Filomicelles that exceed an L o of 8 mm are shown in the following to undergo rapid fragmentation. Indeed, a weak initial increase in the number of circulating filomicelles followed by the decay in Fig. 1c suggests a general fragmentation process that is eventually dominated by clearance by day 4 -5. A mathematical model based on a constant rate of filomicelle scission shows initial increases in N/N o before removal from the circulation (see Supplementary Information, Fig. S3 ). Such a mechanism is confirmed by the reduction of filomicelle length as the filaments circulate (Fig. 2a) . Fluorescence allows for the measurement of Figure 1 Filomicelles and their persistent circulation. a, Filomicelles are self-assembled from di-block copolymers: yellow/green in cross section indicates hydrophobic polymer, orange/blue is hydrophilic, and aqua is water. Electron microscopy demonstrates the nanometre-scale diameter of the filomicelles 8 , and fluorescence microscopy shows a single filomicelle. Distributions of filomicelle length are shown for two samples. b, Injection of fluorescent filomicelles into rodents, followed by fluorescent imaging of blood samples showed that filomicelles circulated in vivo for up to one week. c, Relative numbers of filomicelles in the circulation show that inert filomicelles (of OE7 0 ) persist when compared with stealth polymersomes 12 and l-phage 16 . d, Degradable filomicelles (of OCL3) also persist, and filomicelles with longer initial lengths (L o ) circulate longer up to a limiting length. The error bars in c, d show the standard deviation for four or more animals. Table 1 Amphiphilic block copolymers used to make cylindrical filomicelles 15, 28 . The f EO is the volume fraction of PEG based on NMR, d o is defined in Fig. 1a as the hydrated diameter, and l P is the persistence length of the filomicelles, which is longer for stiffer micelles.
filomicelle length in each sample (down to an optical resolution of 0.3 mm) and reveals a progressive decrease in length over one week, even when starting with inert filomicelles of moderate length. The initial shrinkage rate of 1 mm d 21 is due to a combination of cell-and flow-induced fragmentation, and this rate appears to slow with time.
Degradable filomicelles of OCL3 exhibit a similar but more sustained decrease in length (Fig. 2b) , which is consistent with progressive shortening by hydrolysis (see Supplementary  Information, Fig. S4 ) 13 . More rapidly degrading OCL1 filomicelles with a diameter similar to that of the inert filomicelles (of the OE7 0 copolymer) tend to disappear faster from the circulation (data not shown), which is also consistent with in situ hydrolysis. The shortest filomicelles (,4 mm) are seen to shorten somewhat slower than longer filomicelles, and 18-mm (L o ) filomicelles decrease most rapidly, fragmenting to 8 mm after just one hour in circulation. Subsequent circulation proves identical to the 8-mm filomicelles; as noted, this length approximates the diameter of rodent red blood cells, which circulate for many weeks. Because fragmentation does not double the particle numbers (Fig. 1d) , the longer segments (of 10 mm) appear to be cleared from the circulation. Water-soluble nanotubes that are cleared in hours appear to be many micrometres in length (ref. 1) , and so the difference here with filomicelles might reflect rigidity more than length. Ebola filoviruses up to 14 mm in length 5 A simple binding isotherm fit of the circulation results for the filomicelles indicates a maximum half-life of about five days, and implies persistent circulation for soft cylinders with L o . 2.5 mm (Fig. 2c) . The mononuclear phagocytic system (MPS) of the liver and the spleen constitutes the usual filtration and clearance pathway for circulating particulates 18, 19 and vesicles 12 , as well as for the filamentous Ebola and H5N1 viruses 20, 21 . Fluorescence imaging of organ slices shows that the liver and spleen also dominate the (slow) clearance of filomicelles (Fig. 2d) . The degradable polymer systems (OCL1 and OCL3, Table 1 ) show somewhat less mass in the spleen and a measurable accumulation in the kidney above tissue autofluorescence levels. The latter appears consistent with hydrolytic degradation leading to molecular-sized products that might permeate the fine mesh of the kidneys. Additionally, moderate accumulation in the lung for all three filomicelle systems might have some relevance to lung infections with both Ebola, which spreads to the lung through the bloodstream 20 , and H5N1 influenza, which persists in the lung well after entering the bloodstream 21 . The in vivo findings above motivate the in vitro studies below of filomicelle interactions with both lung-derived cells and also phagocytic cells that are typical of those found in the liver and spleen.
FILOMICELLES ENTER CELLS BUT EXTEND IN FLUID FLOW
To first address how filomicelles interact with phagocytic cells that are typical of those in the liver or spleen, filomicelles of varying L o were incubated with activated human-derived macrophages for one day in vitro. Previous studies with polymer vesicles prove that such incubation times are adequate for deposition of serum proteins on the PEG brush, thus mediating adhesion of these copolymer systems to phagocytes within seconds of contact 12 . Activated Circulating mass: All error bars show the standard deviation for three or more animals.
macrophages incubated with long filomicelles ( 3 mm) show no fluorescence beyond control macrophages ('no filomicelles' in Fig. 3a) . Shorter micelles are, however, taken up by cells, which is evident in an increase in mean cell fluorescence. Plotting the phagocytosis efficiency versus micelle length (including results for spherical vesicles) fits a cooperative inhibition model (Fig. 3a,  plot) , with an effective Hill exponent of n ¼ 6 suggesting that multisite attachment occurs between cell and micelle. These results appear qualitatively consistent with the in vivo clearance of submicron vesicles and shorter filomicelles, but they do not explain why longer filomicelles (.2.5 mm) tend to fragment faster than the shorter micelles. Because blood in the circulation is in rapid flow and is constantly sheared, vehicles in vivo interact with phagocytic cells under fluid dynamic rather than static conditions. Hydrodynamic effects on filomicelles of length L 1 mm are predicted to be strong based on estimates of the dimensionless Weissenberg numbers (Wi) for fluid -polymer interactions near a cell:
where y flow denotes the velocity of blood flow, t R the relaxation time of a filomicelle and d cell the diameter of a cell. Wi describes the extension of a polymer in flow 22 with two regimes possible: (1) Wi . 1, where the filomicelle cannot relax in the surrounding flow and is stretched out along streamlines, and (2) Wi , 1, where the filomicelle has the shape of a random coil and is able to relax in the flow (that is, rotate and tumble). For the longer filomicelles used here (L . 1 mm), t R has been determined previously to be of order 1 s (ref. 23 ). Long filomicelles should be stretched out wherever y flow . 5 mm s 21 , which includes flow in most blood vessels and also the filtering spleen 24 . This tends to minimize interactions with phagocytes (and surfaces in general). Importantly, because t R scales with L (ref. 25) , shorter cylinders will have lower values for Wi and are expected to interact less with the flow and more with cells, particularly phagocytes.
Flow effects are directly assessed here in vitro by steady flow of cylindrical micelles and spherical vesicles past phagocytes. Flow rates similar to those visualized in the spleen 24 are used. When small particles contact the cells, they adhere and appear to be taken up (Fig. 3b, left) ; however, hydrodynamic shears tend to flow-align the cylindrical filomicelles and pull them off phagocytes as they come into contact (Fig. 3b, right) . A nanofragment of a filomicelle might break off and be taken up by the cell, but the strong hydrodynamic force on these long and flexible structures appears to easily overwhelm these cells responsible for filtration and clearance in the body.
Although the filamentous Ebola and Marburg viruses cause haemorrhagic fever and are suspected to interact most strongly with phagocytic cells 5 , H5N1 infects the lung 19 , which-together with evidence of some lung localization documented in Fig. 2d motivates a more careful look at interactions with the nonphagocytic cells of the lung. Human lung-derived epithelial cells show an ability to take up fluorescent filomicelles in static culture (Fig. 4a ) even though these cells are non-phagocytic, with only a fraction of the uptake efficiency of phagocytes 26 . These lung cells imbibe fluid or pinocytose at least parts of inert filomicelles, which are then trafficked actively to the perinuclear region (see Supplementary Information, Fig. S5 ), seemingly in a similar way to the trafficking of some microbes by these cells 28 . A time constant of t uptake 30 min indicates rapid uptake (Fig. 4b) , which saturates before significant deposition of serum protein on the PEG brush is likely to have occurred 12 . Uptake also involves micellar fragmentation, because the filomicelles in the culture supernatant shrink to constant 2.5-mm-long micelles with the same time constant of t shrinkage 30 min (Fig. 4c) . The calculated shrinkage rate (10 mm h 21 ) suggests that the pinocytosis processes that sever micelles and leave only 2.5-mmlong micelles in the culture supernatant are distinct from phagocytosis processes, where only micelles smaller than 2.5 mm are taken up significantly (Fig. 3a) . Based on recent in vitro studies of micrometre-sized particles, which show that flattened particles are not readily phagocytosed en face 28 , it may be that long micelles come into length-wise contact with phagocytes and are similarly perceived. In contrast, internalization by nonphagocytic cells of such length-wise attached micelles seems to recruit motor mechanisms that pinch off smaller endolysosomal vesicles (versus phagosomes), which also fragment the micelles. Regardless of mechanism, the in vitro results collectively suggest that multiple processes contribute to shortening of filomicelles, and ultimate clearance in vivo is somewhat slower and due primarily to the action of macrophages of the liver and spleen.
In addition to demonstrating strong effects of shape and length on vehicle transport and interactions with cells, we also perturbed the relaxation time t R (in Wi) by changing the flexibility and . Degradable OCL3 micelles are about ten times stiffer (l P,OCL3 5 mm) 13 than the inert micelles also studied here, but both circulate for a week or more (Figs 1  and 2 ) and so flexibility would seem important but weak in its effects. The envelope of filamentous viruses is a flexible fluid lipid bilayer that forms upon budding from cell membranes 30, 31 , and polymer micelles described here are also fluid along their lengths 23 . To make truly solid cylindrical micelles, crosslinking was introduced into the core of the inert filomicelles (while keeping l P,Xlink low) 23 ; on injection, these solid cylinders were found to clear in hours, which is similar to findings for watersoluble, rigid carbon nanotubes of 30-38 nm diameter (ref. 1). Circulation times thus seem set by the ability of a fluid cylinder (micelles and perhaps filoviruses) to relax and/or fragment, either in flow or because of interactions with cells (Figs. 3b and 4) .
PACLITAXEL-LOADED FILOMICELLES INDUCE APOPTOSIS AND SHRINK TUMOURS
Persistent circulation has practical applications. Natural viruses are being engineered for their anticancer activity 30, 31 , as are a broad array of drug-laden, polymer-based spherical micelles [32] [33] [34] , nanoparticles 35, 36 , water-soluble nanotubes 1-3 and specialized vesicles [37] [38] [39] [40] [41] . Some of the spherical micelles studied recently are even made from an OCL type of copolymer used here in a distinct filamentous shape 34, 42 . However, circulation times of all such carriers are generally limited to hours (or up to one day) because of either rapid clearance by the MPS of the liver and spleen or else by excretion. Clinical studies have shown that circulation times of spherical carriers are generally extended threefold in humans over rats 10 , so circulation times for filomorphologies could approach one month in humans. As proposed for clinically used drug formulations of PEG-liposomes 11 , longcirculating filomicelles would increase the drug exposure to cancer cells and increase the time-integrated dose, commonly referred to in drug delivery as the area under the curve. Additionally, the enhanced permeation and retention effect 33, 43 that allows small solutes and micelles to permeate the leaky blood vessels of a rapidly expanding tumour might also allow nanodiameter filomicelles to transport into the tumour stroma. Pioneering developments in phage display have indeed hinted at circulation and permeation of tumours with the filamentous bacteriophage M13 (ref. 44) .
To test filomicelles directly as drug-delivery vehicles for cancer therapy, tumour-bearing nude mice 39 were given a single tail-vein injection of either free drug or drug-loaded filomicelle. Saline and empty filomicelles served as control injections. The hydrophobic anticancer drug paclitaxel was injected at the maximum tolerated free drug dose of 1 mg kg 21 , or was loaded as recently described 45 at 1 or 8 mg kg 21 into the hydrophobic cores of either 1-mm or 8-mm filomicelles. Higher doses of drug were not tried, as the intent here was a first comparison of shape and size effects.
Results for filomicelles seven days post-injection demonstrate the clear advantages of the filomicelle as a paclitaxel carrier (Fig. 5 ). An eightfold increase in filomicelle length for a 1 mg kg 21 paclitaxel dosage has about the same relative therapeutic effect as an eightfold increase in the paclitaxel dosage. Both increases lead to a doubling of the apoptosis that is measurable in the tumour, and both increases also lead to a similar relative decrease in tumour size. For comparison, promising phase I clinical trials with paclitaxel-loaded spherical micelles of PEG-(polylactic acid) use approximately an eightfold higher paclitaxel dosage in each of three injections 32 . The present initial tumour studies with filomicelles motivates a deeper understanding of the pharmacokinetics of such soft filamentous vehicles. Our primary goal, however, was to illustrate the strong role of vehicle morphology not only in transport and trafficking, but also perhaps in application.
METHODS
Filomicelles were prepared from hydration of di-block copolymers with no residual co-solvent 13, 23 . Block copolymers of PEG-polyethylethylene (EO m -EE n , designated OE) or PEG-polycaprolactone (EO m -CL n , designated OCL) were synthesized by standard polymerizations 8 ; Table 1 provides details of the diblocks used here. Note that OE7 0 is a copolymer related to that used in previous studies of vesicles 12 , but the present copolymer has a slightly higher volume fraction of PEG (f EO ) that is more consistent with cylinder micelle formation 8 and also with cylinder micelles from the two OCL copolymers with similar f EO . Cryo-transmission electron microscopy allows visualization of the hydrophobic core of the micelles, and the total diameter d o is estimated to be about twice the core diameter. Filomicelles were visualized by optical microscopy with a hydrophobic membrane marker, PKH26 (Sigma), which partitions into the cores of the filomicelles when added to a hydrated sample 23 . Cell membrane probe, Fluorescein DHPE, nuclei Hoechst stain and Lysotracker Blue were from Molecular Probes.
Fluorescent and bright-field images were recorded using an Olympus IX71 inverted microscope with a CCD camera (Cascade 512, Roper Scientific). Repeated extrusion of filomicelle samples at 100 -200 p.s.i. through a 400-nm membrane gently fragments the cylinders, leading under these conditions to a maximum contour length ,10 mm, which can be controlled (Fig. 1a,  histograms) by the repetitions in extrusion.
For circulation studies, we followed our previous polymer vesicle protocols and assessed performance in two rodent species for comparison with previous studies 12, 15, 16, 18 . Male Sprague-Dawley rats were injected with 0.5 ml of 5 mg ml 21 copolymer in phosphate buffered saline; alternatively, equal numbers of male or female C57 mice (with similar results) were injected with 0.1 ml of the same. Orbital bleeds into heparin tubes were taken at various times during the study. The plasma (containing the filomicelles) was separated from the other blood components by centrifugation at 7,000 g for 10 min to determine the number, N, and contour lengths of the filomicelles in circulation. By comparison to non-centrifuged control samples, this level of centrifugation has no effect on measured length distributions and essentially separates into the supernatant plasma all of the micelles (or vesicles). N 0 is the number of filomicelles from a one-hour bleed for the figures shown. Additional circulation studies in four mice show that (1) filomicelles in blood are statistically the same in number at timepoints of 1-2, 10, 30 and 60 min, and (2) the preinjected concentration is statistically the same as that at 1-2 min when corrected for dilution into the typical blood volume of mice. Organs were retrieved and sectioned (5-mm slices) using a microtome. Each data point in Figs. 1 and 2 represents results from at least 4 rats or mice; organ distribution data in Fig. 3 is from 2-4 rats per condition. In any studies with blood, citrate or EDTA was used as anticoagulant.
In vitro phagocytosis assays were performed on blood-drawn human neutrophils and also a human macrophage cell line, THP1 (ATCC). Filomicelle suspensions of 0.1 mg copolymer (large excess for the number of cells) were incubated with the macrophage cell line for 24 h. In vitro assays of internalization of inert filomicelles by human lung-derived cells A549 (ATCC) were performed by incubation of cells prelabelled with fluorescein-phosphatidylethanolamine (FL-DHPE, Molecular Probes) with filomicelles (red dye, PKH26) for preset times. This was followed by removing the supernatant of the remaining filomicelles and washing the cells with PBS three times before imaging. Subsequent fluorescent intensity analysis was used to quantify uptake. Uptake by macrophages depends on activation and is not just a passive adsorption process, as omitting the PMA (phorbol-12-myristate-13-acetate) activation led to cells with control intensities.
Tumour studies were conducted in a similar way to those recently reported 39 , with the use here of A549 cells. Briefly, cultured cells were injected subcutaneously onto the backs of nude mice and allowed to grow until they reached a mean size of 0.52 cm 2 (+0.02 cm 2 ). Mice were then injected in the tail vein either with saline or filomicelle controls, paclitaxel in ethanol, or the same mass of worm-like filomicelles as above, except that the filomicelles were preloaded with paclitaxel 45 . Each group consisted of four mice. No group of mice showed any significant differences in weight change, and the maximum tolerated dose (MTD) was determined in separate studies to be the dose that causes 10% Filomicelles mediate paclitaxel (TAX) delivery to rapidly growing tumour xenografts on nude mice. Tumour-bearing mice were injected with either saline or OCL3 filomicelles as controls, TAX as free drug in ethanol (1 mg kg 21 is its maximum tolerated dose), or TAX loaded at two doses into the hydrophobic cores of filomicelles of two lengths. a, Apoptosis was measured one week later by quantitative imaging of TUNEL-stained tumour sections and shows little effect of free drug but increasing cell death with increasing L o and increasing paclitaxel dose. b, Tumour size decreases with increasing apoptosis, with tumour shrinkage clear for the longest filomicelles at the highest TAX dose. All data shows the average from four mice. The error bars show the standard deviation.
weight loss within 24 h (average from three mice). For paclitaxel-loaded filomicelles, the MTD exceeds the 8 mg kg 21 used here by more than twofold. For unloaded OCL3 filomicelles (8 mm long), we have injected up to 300 mg kg 21 of copolymer without any significant weight loss in mice.
